Tracheal secretions in mechanically ventilated patients are removed using a catheter via the endotracheal tube. The suction catheter can be introduced by disconnecting the patient from the ventilator (open suction system) or by introducing the catheter into the ventilatory circuit (closed suction system). Although the literature reports several advantages for the closed suction system, the review did not show differences between the two systems in the main outcomes studied. These outcomes were ventilator-associated pneumonia and mortality. This review identified few trials of high methodological quality. Future research should be of higher quality, clarify issues related to the patient's condition and to technique, and provide nurse-related outcomes.
B A C K G R O U N D
Mechanical ventilation (MV) and intervention manoeuvres such as endotracheal suction are contributing risk factors for ventilatorassociated pneumonia (VAP). VAP is defined as pneumonia that develops in an intubated patient after 48 hours or more of MV support. It is associated with high morbidity and mortality and is considered one of the most difficult infections to diagnose and prevent (Chester 2002; Collard 2003; NNIS 2000) .
Endotracheal suctioning, one of the most common invasive procedures carried out in an intensive care unit (ICU), is used to enhance clearance of respiratory tract secretions, improve oxygenation and prevent atelectasis. As an essential part of care for intubated patients, its major goal is to ensure adequate ventilation, oxygenation and airway patency. Endotracheal suction involves patient preparation, suctioning and follow-up care as part of the procedure (McKelvie 1998; Wood 1998). Major hazards and complications of endotracheal suctioning include hypoxaemia, tissue hypoxia, significant changes in heart rate or blood pressure, presence of cardiac dysrhythmias and cardiac or respiratory arrest. Additional complications include tissue trauma to the tracheal or bronchial mucosa, bronchoconstriction or bronchospasm, infection, pulmonary bleeding, elevated intracranial pressure and interruption of MV (Grap 1996 The endotracheal suctioning technique is classically performed by means of the open tracheal suction system (OTSS), which involves disconnecting the patient from the ventilator and introducing a single-use suction catheter into the patient's endotracheal tube. During the late 1980s, the closed tracheal suction system (CTSS) was introduced to more safely suction patients on MV as a multiuse catheter is introduced into the airways without disconnecting the patient from the ventilator (Carlon 1987) . This catheter system may be left in place for as long as 24 hours (Carlon 1987), or more (Kollef 1997). The suggested advantages of CTSS compared to conventional OTSS are: improved oxygenation; decreased clinical signs of hypoxaemia; maintenance of positive end-expiratory pressure; limited environmental, personnel and patient contamination; and smaller loss of lung volume. As a result the CTSS is currently being used to minimize hazards and complications associated with endotracheal suctioning. Numerous studies have been conducted to test CTSS, compared with an OTSS, analyzing the prevalence of VAP and evaluating hyperoxygenation, influence of airway pressure and ventilation mode, the effect on cardiorespiratory parameters, efficiency in secretion removal and mortality. Some studies reported that the incidence of colonization increased when a CTSS was used but noted that VAP incidence was similar whether suctioning was done with OTSS or CTSS (Deppe 1990; Johnson 1994) . Combes reported that the use of a CTSS reduced VAP incidence without demonstrating any adverse effect (Combes 2000) . The use of CTSS may affect bacterial colonization of the airway and the prevalence of VAP and it is recommended for patients who have an aerosol transmittable infection, HIV, hepatitis B or active respiratory tuberculosis (Lee 2001; Stenqvist 2001). In view of such scientific evidence, a systematic review on the safety and effectiveness of a CTSS in comparison with an OTSS might be helpful in highlighting the main outcomes such as VAP incidence and mortality.
O B J E C T I V E S
We assessed the effects of suctioning with a closed tracheal suction system in comparison with an open tracheal suction system in adult patients receiving mechanical ventilation for more than 24 hours in terms of VAP incidence, bacterial colonization, mortality, length of stay in the intensive care unit and costs, as well as physiological, technique-related and nursing-related outcomes.
C R I T E R I A F O R C O N S I D E R I N G S T U D I E S F O R T H I S R E V I E W

Types of studies
We included randomized controlled trials (RCTs) in which closed and open suction systems were compared. We included abstracts and unpublished data if sufficient information on study design, patient characteristics, interventions and outcomes was available.
Types of participants
Adult patients (aged 18 years or over) on mechanical ventilation for more than 24 hours in an intensive care unit.
Types of intervention
We included studies where an open tracheal suction system was compared to closed tracheal suction system. 
Types of outcome measures
S E A R C H M E T H O D S F O R I D E N T I F I C A T I O N O F S T U D I E S
See: Cochrane Anaesthesia Group methods used in reviews.
We We searched MEDLINE (through PubMED) with the addition of the Cochrane MEDLINE filter for RCTs (Robinson 2002). Our search strategy can be found in Additional Table 01 We performed searches of CENTRAL, CINAHL, EMBASE and LILACS using a similar strategy which we adapted for each database (see Additional Table 01 ). Some changes were made in relation to the strategy originally planned in the protocol in order to focus the search on studies which directly compared the two suction systems.
We screened the bibliographies of relevant identified papers for further studies. We contacted the authors of main studies to identify published and unpublished studies. We also contacted the manufacturers of suction catheter systems.
M E T H O D S O F T H E R E V I E W
Methods used to collect data
Two authors (IS, MS) independently screened the abstracts of the references obtained from the search to identify trials making the comparison between the open and the closed suction systems. After reviewing full-text copies of these relevant studies, trials were agreed on by the two authors for inclusion in the review. We resolved disagreements by involving a third author (SB). Each author independently extracted relevant data from the included studies using a previously designed data extraction form. We resolved possible discrepancies by consensus. Where appropriate for the objectives of the review, complementary data or data not included in the study reports were requested from authors.
Methodological quality
We used the standard methods of the Cochrane Anaesthesia Review Group (Cracknell 2006) , that advise authors to assess methodological quality using the criteria set out in the Cochrane Handbook for Systematic Reviews of Interventions (Higgins  2005) .
We analysed individual components of study quality (Jüni 2001) rather than assigning a quantitative score, which has been criticized as not being very useful (Downs 1998). Individual components assessed were: 1. method of randomization; 2. allocation concealment; 3. blinding of outcome assessment; and 4. reporting of follow up and losses.
We chose to assess only the blinding of outcome assessment because it is impossible to blind the investigator or the nurse responsible for the suctioning.
Statistical analyses
One of the authors (IS) entered the relevant data from trials into the Review Manager software (RevMan 4.2) and a second author (MS) checked this process for accuracy. We expressed effect measures as relative risk (RR) for dichotomous data and weighted mean differences (WMD) for continuous data. For outcomes reported as mean and range, we estimated the standard deviation using the difference of the range values divided by four, assuming a normal distribution of the sample. We used this method although it is not robust and is even discouraged by some because the ranges express extremes of an observed outcome rather than the average (Higgins 2005).
Heterogeneity was assessed prior to meta-analysis by means of the chi-squared test (statistically significant at P < 0.1). To further assess heterogeneity, we calculated the I-squared (I 2 ) statistic (Higgins 2003) which describes the percentage of total variation across studies that is attributable to heterogeneity rather than to chance. The random-effects model was assumed. We chose the random-effects model expecting a considerable heterogeneity between the eligible studies. Although the review results do not show heterogeneity for most of the outcomes considered, we preferred to maintain that model as decided in the protocol.
We did not perform the subgroup and publication bias analyses planned in the protocol, mainly because the original studies did not include the required data and we were unsuccessful in obtaining missing data from the study authors. Of the potentially eligible references, we excluded 31 studies (see 'Characteristics of excluded studies') because they: (1) were animals studies (four studies); (2) were reviews (two studies); (3) were not randomized (nine studies); (4) did not compare the OTSS and the CTSS (seven studies); (5) included patients who were intubated for less than 24 hours (two studies); (6) were 'in vitro' studies (one study); (7) was a meta analysis (one study); or (8) 
D E S C R I P T I O N O F S T U D I E S
M E T H O D O L O G I C A L Q U A L I T Y
Most of the studies included in the review had methodological weaknesses (see Additional Table 07) .
R E S U L T S
Where appropriate, we performed meta-analyses. Many of the secondary outcomes described in this section were measured at very different time points and some studies reported highly skewed data. Due to this, we could not always perform a pooled analysis and chose to give only a narrative description of the main results. We provide numerical data for the studies results in Additional  Table 08 . All the pooled estimations showed a statistical homogeneity with the exception of that performed for length of stay in ICU.
Primary outcomes
Ventilator-associated pneumonia (VAP) Eleven of the included studies reported data about the incidence of VAP, comparing CTSS with OTSS (see 
Mortality
Six studies reported data on mortality (ranging between 22% and 68%) but one did not provide numerical data (Welte 1997). Based on the results of five included studies (see table ' Comparisons and data 01 03') the two suction systems showed no differences in relation to mortality (N = 1166; RR 1.02; 95% CI 0.84 to 1.23). 
Time on ventilation
Secondary outcomes
Bacterial colonization
Five studies reported results on bacterial colonization (see table  ' Comparisons and data 01 05'). The pooled analysis of these five studies showed a significant increase in colonization for the CTSS group, with a 49% increased risk in comparison with the OTSS (N = 432; RR 1.49; 95% CI 1.09 to 2.03).
Length of stay (LOS) in the intensive care unit (ICU)
Combes 2000 and Topeli 2004 reported skewed data on LOS in ICU, without statistically significant differences between the CTSS and OTSS groups (see table ' Comparisons and data 01 06') (WMD 1.19; 95% CI -6.06 to 3.69).
Time on ventilation
See the Mortality section above for results on this outcome.
Costs
It was difficult to make a direct comparison between studies concerning costs as there were large differences in data analysis and also in the study periods (over different years Table 09 .
Cardiorespiratory parameter variations
Cardiorespiratory parameter included the analysis of oxygenation and ventilation and cardiovascular outcomes. We were unable to do summary statistics due to the differences between the included studies in reporting the information. Hence we give a narrative description of the main results.
• Respiratory outcomes The studies coincided in reporting a significant decrease in oxygen saturation immediately after the suction procedure for those patients suctioned with the OTSS; patients in the CTSS groups maintained or increased their oxygen saturation values.
Oxygen saturation (SaO
Respiratory rate, lung volumes and airway pressures (Paw)
Two of the included studies (Cereda 2001; Lee 2001) reported information on the respiratory rate without any difference between the two suction systems (see Additional Table 08 ). Cereda 2001 assessed lung volume measured by respiratory inductive plethysmography and reported a statistically significant difference in lung volume between CTSS (-133.5 ± 129.9) and OTSS (-1231.5 ± 858.3) groups (P < 0.01).
In their study, Cereda 2001 observed a marked decrease in airway pressure (Paw) during suction with OTSS, while the decrease with CTSS was minor.
• Cardiovascular outcomes (heart rate, heart rhythm, mean arterial pressure)
Heart rate (HR) increased with suction time for both suction groups in Johnson 1994. At 30 seconds post-suction, the difference was significant between groups, with patients in the OTSS group showing a higher HR (see Additional Table 08 ). In Cereda 2001 there were no significant changes in HR during or after suctioning with CTSS or OTSS, despite a slight increase for patients in the CTSS group and a decrease in the OTSS group. In Lee 2001, however, changes were significant when comparing CTSS versus OTSS immediately after the first and second suction procedures, with higher HR for patients in the OTSS group.
The studies that measured heart rhythm reported higher rates of dysrhythmias in OTSS patients: Johnson 1994 observed 2% of dysrhythmias in the CTSS group and 14% in the OTSS group, whereas Lee 2001 reported dysrhythmias only for patients in the OTSS group (38.5%). Three trials (Cereda 2001; Johnson 1994; Lee 2001) reported data on mean arterial pressure (MAP). MAP was higher after suction for the OTSS group patients (see Additional Table 08 for numerical data).
Technique-related outcomes
We identified two surrogate outcomes in relation to the suction technique: the number of suctions performed per day and the quantity of secretions removed. The heterogeneity of studies with regard to the definition of outcomes and their reporting (mainly regarding the absence of standard deviations in the study reports) did not allow pooling of these data.
Seven of the included studies that reported data about the number of suction manoeuvres performed per day (Adams 1997; Conrad 1989; Lorente 2005; Lorente 2006; Rabitsch 2004; Zielmann 1992) did not find significant differences between the two suction systems (see Additional Table 08 ). Deppe 1990 was the only study that reported significant differences.
The quantity of secretions removed by suction was reported in two studies (Rabitsch 2004; Witmer 1991) . Results showed no significant differences in the quantity of secretions removed with the CTSS compared to the OTSS.
Nursing-related outcomes
Results from Zielmann 1992 and Johnson 1994 reported that nurses needed more time to suction patients with OTSS. Zielmann 1992 observed that nurses averaged 3.5 minutes (range of 2 to 6 minutes) to suction patients with OTSS, whereas suctioning patients with CTSS took one minute less (average = 2.5 minutes, range 2 to 4 minutes). Johnson 1994 reported overall shorter times than those of Zielmann 1992 but the differences between groups remained. These authors reported an average of 2.5 minutes for the OTSS in comparison with the 1.5 minutes needed to suction with the CTSS.
D I S C U S S I O N
The major limitation for this systematic review was related to the methodological quality of the included studies. This review included 16 trials that evaluated the effects of a closed tracheal suction system versus an open tracheal suction system. In general, the two systems appear to be similar in terms of safety and effectiveness. The review results showed that suctioning with either closed tracheal suction or open tracheal suction had no effect on the risk of ventilator-associated pneumonia, even when a subgroup analysis based on patients' medical or surgical status was performed. The effect of the suction systems used on the risk of mortality showed no difference. Study data were heterogeneous, with mortality ranging between 22% and 68%. No statistically significant differences were found between closed tracheal suction system and open tracheal suction system groups in length of stay in the intensive care unit (Combes 2000; Topeli 2004). Patient condition and intervention factors (such as the use of an aseptic technique or the number of suctions performed) play a key role in the development of ventilator-associated pneumonia but were poorly analysed in the included studies (Additional Table 05 and Table 06 ).
Condition of the patient and time to ventilator-associated pneumonia showed no significant differences between suction systems ( Two studies (Johnson 1994; Zielmann 1992) reported that more time was needed to suction patients with the closed suction system. Literature concerning nursing satisfaction with the suction systems is also scarce. As a result, the impact of nursing care with both systems and in specific groups of patients remains unknown, making it an important area of interest for future research. The suction procedure should be performed only when necessary, not exceed 15 seconds and be according to clinical signs rather than a time standard (NNIS 2000; Noll 1990; Thompson 2000). Perception and technique in the use of the tracheal suction system can probably explain the misconception that a closed suction system does not suction as well as using an open suction system (NNIS 2000).
A U T H O R S ' C O N C L U S I O N S
Implications for practice
Suctioning is an intervention that requires caution, is done based on a nurse's clinical decision and using an aseptic technique. The review suggests that there is no difference in the risk of ventilator-associated pneumonia and mortality between open and closed suction systems.
Implications for research
In reviewing the studies for this review, many concerns relating to quality and study design were identified. There is a need for well designed randomized trials with large sample sizes, and improved reporting of outcomes. Further research is required to clarify the potential benefits and hazards of closed suction systems with different patients, modes of ventilation and suction procedures. Furthermore specific cost-effectiveness studies should be designed.
P O T E N T I A L C O N F L I C T O F I N T E R E S T
None known.
A C K N O W L E D G E M E N T S
We are grateful and indebted to Dr Mathew Zacharias (content editor) and Prof Nathan Pace (statistical editor) for their helpful comments that contributed to, and improved the quality of this review.
We would like to thank the following people. We would be grateful to any readers who provide further studies for assessment for future updates. Interventions CTSS (Mallinckrodt Medical, Mirandola, Italy) vs OTSS (Medicoplast, Illingen, Germany) the catheter was withdrawn after each used. Suction protocol clearly described. Setting of an inspiratory time of 25% on the ventilator, an inspiratory plateau time of 10% and a trigger sensitivity of -2 cmH2O. CTSS (12 Fr) was left in place throughout the study. After an adaptation period (20 min) the authors performed both a CTSS and an OTSS twice in an alternate sequence. A total of four steps were performed with a time interval of 20 min within manoeuvres. No hyperoxygenation or hyperinflation was applied before or after suctioning. CTSS: The suction catheter was unlocked and inserted into the ET without disconnection, catheter advanced and suction was applied for 20 sec (100 mm Hg). The catheter was withdrawn and locked. OTSS: After disconnection from the ventilator, a catheter (12 Fr) was inserted in the ET tube until resistance was met. Then it was withdrawn 2-3cm. Suction was applied for 20 sec (100 mm Hg). Data were collected before, during and after suctioning. Patients were stratified as follows: 1) hospitalization <72h prior to entering the study (N: 52) and 2) hospitalization >72h prior to entering the study (N: 32)
S O U R C E S O F S U P P O R T
Interventions CTSS (Trach Care(r) Closed Suction System, Ballard Medical Products, Midvale UT) replaced each 24 hours (08.00hra) vs OTSS discarded after each use. Suction protocol clearly described. Suctions were performed each 3 hours and when needed. In cases of thick secretions of 5-10 mL of sterile saline solution was installed into the ET. CTSS: Pre oxygenation with an FIO2 1 (6 or 7 breaths). The catheter control valve was unlocked, and the catheter (inside the sheath) advanced into the ET until mild resistance was met. The catheter was then withdrawn using intermittent suction pressure of -80 cm H2O (limiting suction to 10 seconds). The catheter was irrigated through the port while applying suction, and patient's level of oxygenation was resumed. OTSS: Pre oxygenation with an FIO2 1 with an Ambu manual bag (6 or 7 breaths). A sterile suction catheter was passed through the ET tube until encounter resistance was met. The catheter was withdrawn 2 cm and suction pressure of -80 cm H2O was applied, while withdrawing the catheter. Each manoeuvre was limited to 10 seconds, repeating the process until clearing the airway. Data were collected during ICU admission. Four rooms were designated to CTSS, and four rooms to OTSS. Patients were then allocated based on bed availability. Suction protocol was clearly described. CTSS: Pre oxygenation with FIO2 1 (3-5 breaths). If patients had thick secretions 3-5 mL of sterile normal saline solution were instilled through the irrigation port. The catheter was advanced into the ET until resistance was encountered. The catheter was withdrawn with a suction pressure of -100 to -120 cm H2O, while withdrawing the catheter (limiting suction to <15 seconds). The procedure was repeated until the airway was cleaned. The catheter was irrigated through the port while applying suction, and the patient's level of oxygenation was resumed. A respiratory therapist verified the ventilation settings.
OTSS: Preoxygenation with FIO2 1 with an Ambu manual bag (3-5 breaths). If patients had thick secretions, 3-5 mL of sterile normal saline solution was instilled. A sterile suction catheter was passed through the ET tube until resistance was met. A suction pressure of -80 to -100 cm H2O was applied, while withdrawing the catheter. Each manoeuvre was limited to <15 seconds, repeating the process until the airway was clear. After each pass manual postoxygenation was applied. The bedside nurse performed the manoeuvre. Interventions CTSS (DAR Hi-Care in-line suction catheter 12 CH/FR, Tyco Healthcare) vs. OTSS. Suction protocol clearly described. Patients were randomized to receive closed suction or open suction in the first manoeuvre. Alternated suctioning was then used between 2 to 4 hours after the first procedure. Cardiorespiratory parameters were measured at baseline (BL1), followed by 60 seconds of hyperoxygenation. The first suction manoeuvre was performed for 10 seconds, measuring outcomes (S1) at the 5th second. Outcomes measure at the end of the 1st manoeuvre (BL2) and hyperoxygenation during 30 seconds. The second suction manoeuvre was performed for 10 seconds, with outcomes measured at the 5th second (S2), followed by 30 seconds of hyperoxygenation. Outcome measures were obtained 2 and 5 minutes after the second suction manoeuvre (T2 and T5). Suction pressure was -120 mmHg and catheter size was 12 Fr. Both suction procedures were performed using the same humidification system for the inhaled gas (a heat and moisture exchanger, replaced each 48 hours).
Measures for the prevention of nosocomial pneumonia were established. A throat swab was taken at admission to the ICU, twice a week thereafter, and at discharge for each patient.
Tracheal aspirate was performed during the intubation moment, twice per week while the patient remained intubated, and at extubation for VAP diagnosis. The suctions were performed using universal precautions. The closed device was not replaced routinely until it presented mechanical failure, soiling or patient' re-intubation need OTSS Each suction was performed using aseptic measures (hand washing before the suction, and use of gloves and face mask).
Both suction procedures followed some measures to prevent nosocomial pneumonia: gas humidification with a heat and moisture exchanger (changed every 48 hours); not periodical change of ventilator circuits, no continuous aspiration of subglottic secretions, semirecumbent body position, continuous enteral nutrition, routine verifications of the residual gastric volume, prophylaxis of stress ulcers, and oral washing with chlorhexidine.
Tracheal aspirate was performed during the intubation moment, twice per week while the patient remained intubated, and at extubation for VAP diagnosis. Inclusion criteria: estimated length of ventilation of = 3 days and age of >18 years. Exclusion criteria: bleeding diathesis, participation in another study and severe respiratory distress.
Interventions CTSS (TrachCare; Tyco Healthcare, Germany) replaced each 24 hours vs. OTSS 12 hours after intubation, the endotracheal tube was replaced with a visualized ETT (VETT, Pulmonx, Palo Alto, California), designed to provide visual control of the endotracheal tube positioning and estimation of the amount of secretions. Suction protocol clearly described. Preoxygenation with an FIO2 1 during 2 minutes. Regular suctioning took place each 4 hours and whenever nurse decided it was needed clinically. CTSS: The CTSS was introduced into ICU 6 months before the start of the study. All participating nurses were trained. OTSS: Two nurses performed the manoeuvre using sterile gloves. One opened the connection between the endotracheal tube and the ventilatory circuit, and the second nurse introduced the suction catheter and performed two to three suction manoeuvres. Different catheters were used to suction the trachea or the oropharynx. 
